The electronic transport properties of a point-contact system formed by a single Co atom adsorbed on Cu (100) and contacted by a copper tip is evaluated in the presence of intra-atomic Coulomb interactions and spin-orbit coupling. The calculations are performed using equilibrium Green's functions evaluated within density functional theory completed with a Hubbard U term and spin-orbit interaction, as implemented in the Gollum package. We show that the contribution to the transmission between electrodes of spin-flip components is negative and scaling as λ 2 /Γ 2 where λ is the SOC and Γ the Co atom-electrode coupling. Hence, due to this unfavorable ratio, SOC effects in transport in this system are small. However, we show that the spin-flip transmission component can increase by two orders of magnitude depending on the value of the Hubbard U term. These effects are particularly important in the contact regime because of the prevalence of d-electron transport, while in the tunneling regime, transport is controlled by the sp-electron transmission and results are less dependent on the values of U and SOC. Using our electronic structure and the elastic transmission calculations, we discuss the effect of U and SOC on the well-known Kondo effect of this system.
Introduction
The study of single magnetic atoms on non-magnetic metals has become a reality thanks to the advent of local scanning probe microscopies.
1,2
This is a priviledged situation in which precise measurements can be performed on a very controlled environment. Many theoretical works have been recently undertaken to quantitatively evaluate the properties revealed in these experiments.
The system is a single Co impurity adsorbed on a Cu (100) surface that is contacted by a scanning tunneling microscope (STM) tip. 8, 9, 11, 12 Many interesting effects have been found for this system. Polok and co-workers 14 found that electron transport qualitatively changed with the tip-adatom distance. When the tip was far from the substrate, transport took place through the sp-induced electronic structure of the adatom. When the tip-apex atom approached until reaching covalent-bond distances, the electronic transmission involved the d-system. More curiously, the effect of the tip was a reordering of the electronic structure, changing the system's properties depending on the tip-surface distance. Unfortunately, these calculations did not address the very interesting Kondo physics experimentally revealed.
11,12
Direct calculations of the Kondo physics of Co on Cu (100) showed that the dynamical correlation processes where basically controlled by the d z 2 orbital of Co.
15-17
Hence, the problem seemed to be greatly simplified by just considering the behavior of the d z 2 orbital as the tip-surface distance changed. 18 However, all of these calculations where based on the results of plain density functional theory (DFT), which are known to underestimate the magnetic properties of adsorbed impurities. Particularly, two important ingredients present in modern calculations were missing from the above studies: the intra-atomic Coulomb interaction as given by the Hubbard U, and the spin-orbit coupling (SOC) of the Co atom.
In this work, we consider the effect of both interactions in the electronic structure of Co adatoms both in the tunneling regime that corresponds well to the Co / Cu (100) adsorbed system, and to the contact regime where the tip creates a covalent bond with the Co adatom becoming a point-contact junction. The paper contains a first section devoted to the methodology and setup of the calculations. We first show the results of the electronic structure and transmission calculations for different values of the Hubbard U. Next, the paper considers the effect of SOC in the Co atom and its influence on the electronic transmission. We analyze the electron transmission by simplifying the problem to the d-manifold of the Co atom and we rationalize the effect of SOC on the electron transmission in terms of the strength of the SOC as compared to electronic coupling the Co d orbitals with the electrodes. We analyze the consequences of our findings on the Kondo effect and summarize the article.
Computational methodology
In this work, we depart from two of the reported optimized geometries of Choi et al. 18 for an atomic junction formed by an adsorbed Co atom on a Cu(100) surface and a copper-covered tip. The two surfaces representing substrate and tip were modeled using a periodic slab geometry with a 3×3 surface unit cell, 6 layers for the surface holding the Co atom and 5 layers for the tip electrode.
Figure 1: Atomic models with the two configurations used along this work:(a) the tunneling regime where the distance between the Co atom and the tip apex is 5.05 Å and (b) the contact regime where the same distance diminishes until typical covalent-bonding distances, here 2.2 Å. Periodic boundary conditions have been applied along the axes perpendicular to the transport direction. basis was set for the copper electrodes. Note that we employ a DZP basis set to describe the adsorbate states in order to yield correct transmission functions.
22
Quantum transport computations were performed from first-principles within the framework of the Landauer-Buttiker formalism. Thus, the DFT Hamiltonian and overlap matrices obtained with Siesta
21
were analized in a post-processing step with the Gollum package.
23
This code is based on equilibrium transport theory and by carefully setting electrodes, branches and the central scattering region, 
Results and discussion

Electronic structure and transport
The goal of the present section is to explore the sensitivity of the electronic and transport properties of the Cu-Co-Cu junction with respect to two distinct interactions: the Coulomb on-site repulsion, or Hubbard U, on Co-d orbitals and the spin-orbit coupling (SOC).
We first analize the effect of the U parameter on the electronic and transport properties of the system comparing with the results of standard DFT (for the PBE exchange-andcorrelation functional) in the tunnel Fig. 2 and contact regimes Fig. 3 . Next, we include spin-orbit coupling and evaluate the same properties. We simplify the calculations to include just the d-electrons of the Co atom and rationalize our findings at the end of this section. Effect of U on the electronic and transport properties However, the detailed electronic structure of the Co adatom changes in the contact region.
There is a re-ordering of the minority spin d-states and contributions from
U eff =3 eV orbitals become important at the Fermi level.
14,18
In spite of the changes observed in the electronic structure, the overall magnetic properties slightly change since the Co adatom can be described as in a 3d 8 (S = 1) configuration in both regimes.
14-18,25
The re-ordering of d levels in contact induces changes in the transport properties, as was previously reported.
14,18
In the tunneling region, we find that transport Fig. 2 (b) basically takes place through the majority spin sp electrons of the Co atom.
In the contact regime, however, the d-electron contribution to the transmission at the Fermi level for the minority spin highly increases and the transport is governed by the minority spin channel. Indeed, the spin polarization defined as
is the transmission per spin σ at the Fermi energy, changes its sign when going from tunneling to contact.
As reported before, 14, 18 our present calculations confirms the previous picture where conduction takes place through the sp electrons of the Co adatom in tunneling while Co with an effective U ef f = U − J that includes the effect of the Fock exchange interaction, J. We use the implementation of the Siesta code.
E-E Fermi (eV) In transport, a large Co sp contribution remains in the transmission at the Fermi level.
As a result, good agreement is found between U ef f = 0 eV and U ef f = 3 eV calculations as can be seen from Figs. 2 (b) and (d). When the tip is near the surface adatom, two differences are clearly seen between U ef f = 3 eV (Fig. 3(d) ) and U ef f = 0 eV ( Fig. 3(b) ).
There is a shift in the energy scale, related to the new energy position of the Co orbitals.
The second difference is an increase of 4% and 15% of T (E F ) with respect to the U ef f = 0 values computed for the majority and minority spin channels, respectively. This difference can be traced back to a change in the d z 2 orbital energy.
In spite of these differences, the overall scenario of Refs.
based on the leading transmission through the minority spin channel governed by Co-d orbitals remains unchanged.
Therefore, we can conclude that the Coulomb on-site repulsion on Co-d orbitals does not have a strong effect on the transport properties of the Co junction.
Electronic transport in the presence of spin-orbit coupling
We include spin-orbit coupling (SOC) in the DFT equations following the implementations in Siesta
21
and Gollum. 
Spin-orbit assisted spin-flip scattering
The present problem consists in a single center where the SOC is localized. We use the electronic structure computed above (with and without the inclusion of U ef f ) to compute The transmission between electrodes for an electron injected at energy E through the d-orbitals of the Co atoms is:
Where i, j, k, l are indices over the spin orbitals of the d-electron manifold. The Green's functions G 
The identity operator,1, becomes a matrix of the dimension of the d manifold as well as the retarded (advanced) self-energy,Σ r(a)
. The imaginary part of the self-energy is actually related to Γ of each electrode by (here i is the imaginary unit):
The total self-energy is the sum of self-energies due to each electrode.
In the spirit of the above calculations, we use Kohn-Sham orbitals, and the problem becomes a one-electron transport problem. From this analysis we find that for E between −2 and 2 eV transport at contact is dominated by three d orbitals in good agreement with previous results, Ref. The SOC is included in Hamiltonian,Ĥ, restricted to the d-electron subspace. This is particularly simple to do in the Cartesian representation of d electrons. We follow Ref.,
While the first term connects orbitals with the same |m| and spin, where m is the eigenvalue ofL z , the second term leads to spin-flips connecting spin-orbitals with different spins and orbitals of |m ± 1|. If we consider the matrix elements in Cartesian terms, we also remark that while the matrix elements ofL zŜz andL xŜx are purely imaginary,L yŜy are purely real. All diagonal matrix elements are zero because in Cartesian orbitals the average angular momentum is zero. , and
We retrieve our calculations using DFT with SOC for the transmission function, Fig. 5 (b), with the message that λ is so small that the effect on the transmission is negligible. As we will show in the next section, SOC effects will be noticeable as soon as the ratio (λ/Γ) 2 is not small, where Γ is the width of the d levels given by Eq. (3).
Since the spin of the electron in the electrodes is a good quantum number, we can study the transmission of each spin. From Eq. (1) 
T r stands for trace over d orbitals and there are three matrix products because both Γ's and G's are matrices on d orbitals. 
Simplified spin-orbit transmission
It is interesting to simplify the above treatment to enhance our insight into the spin-orbitinduced spin flip. Let us assume a single d orbital. In this case the spin-orbit contribution to the Hamiltonian becomes:
This is obviously Hermitian, and the matrix element is iλ, purely imaginary.
We adopt the broken-symmetry description of DFT, then, the atomic level becomes ǫ ↑ and ǫ ↓ = ǫ ↑ + U with U the Hubbard charging energy. Within the wide-band approximation, the Green's function of the orbital in contact with two electrodes is:
with obvious notations for the self-energies of the level due to the left and right electrodes (real parts are strictly zero in the wide-band approximation) for each spin. Replacing these quantities in Eq. (1), we obtain for the direct terms:
In the limit λ → 0 we retrieve the usual result:
The spin-flip term is proportional to λ
In the limit of large Γ R ∼ Γ L ∼ Γ ≫ ǫ ↑ we see that the spin-flip contribution to the transmission becomes a negative quantity quadratic on the λ to Γ ratio:
This sets a scale for the values of λ that yield sizeable spin-flip terms in electron transport.
Typically Γ is about a few hundred meV. If λ is in the tens of meV (3d transition metals) the spin-flip terms will be negligible in transport for a single scattering center. However, heavy elements will produce important spin-flips in point contacts.
Kondo effect
The computed electronic structure has direct bearings on the Kondo effect that a Co impurity displays in contact with copper electrodes.
15-17
The very different electronic properties of the calculations of Figs. 2 (a) and (c) depending on the value of the Hubbard U, will change the interpretation of this Kondo effect. Indeed, for U ef f = 0, Fig. 2 (a) is in perfect agreement with the analyses published in Refs., [15] [16] [17] leading to the conclusion that the S=1 Kondo effect is actually a two-stage Kondo, where initially a S=1/2 Kondo effect is produced by the d z 2 -orbital charge fluctuations and the remaining magnetic moment gets screened at lower temperatures, driven by the charge fluctuations of the d x 2 −y 2 orbital.
The above picture is qualitatively the same as U increases, Fig. 2 (c) . Although the quantitative details will strongly vary. This is in agreement with the discussion by Baruselli et al. The above results show that the Kondo effect of Co in contact with Cu electrodes can be considered as a single-orbital Kondo effect, at least for a large range of temperatures in the tunneling regime, and probably for all temperatures at contact. In this last case, nonequilibrium effects have been discussed before.
18
The main effect at contact is the increased coupling to the electrodes given by Γ. The intrinsically non-equilibrium effects (bias-induced decoherence and peak splitting) are largely absent from the conductance behavior in the contact regime.
The effect of spin-orbit interactions in Kondo processes has been much debated in the literature. Most works refer to the influence of a Rashba-like spin-orbit interaction on the Kondo spin-flip processes. The debate was very much calmed by the work of Meir and
Wingreen
31
showing that due to the preservation of time-reversal symmetry by the spin-orbit interaction, Kramers degeneracy is maintained and the Kondo processes are not affected.
Recent works actually show that Rashba effects can change the Kondo temperature reducing it 32, 33 or increasing it 34 depending on the system. Indeed, the effect of the environment is very important. Újsághy and co-workers 35, 36 showed that SOC can lead to sizeable magnetic anisotropies depending on the environment.
This has important consequences for local spins larger than 1/2, because it reduces the spin degeneracy and prevents Kondo spin-flip processes. Here, we are considering the local SOC of a single impurity and not the extended Rashba-like interactions. Since the mean-field spin of cobalt is close to 1, we expect to find the disruptions caused by an emerging anisotropy due to SOC and the environment of the Co atom. However, our calculation yields a very small magnetic anisotropy energy (MAE) when a Co atom is adsorbed on the Cu (100) surface.
The MAE is ∼ 2 meV. Dividing by the Boltzmann constant yields a MAE ∼ 23 K much smaller than T K ∼ 90 K, the Kondo temperature of Co on Cu (100).
11,12,37
Hence, we do not expect any effect of the SOC in the tunneling regime. When the tip contacts the impurity, we find that the symmetry of environment of the Co atom increases, further reducing MAE to ∼ 0.03 meV and unaffecting the Kondo physics.
Conclusions
Electron transport through a Co atom between an STM tip and a Cu (100) substrate is shown to be largely independent of the Hubbard U values used in the evaluation of the electronic structure. Despite the dramatic effects of the inclusion of correlation, transport at the Fermi energy is basically controlled by the same orbitals. When the tip is far from the substrate, the tunneling regime is led by cobalt's sp-electronic structure. At contact, the d-electronic structure controls all electronic transport properties. Surprisingly, the electronic transmission with or without Hubbard U for both transport regimes is qualitatively the same and to a large extent also quantitatively.
The inclusion of spin-orbit coupling (SOC) does not change the quantitative values of transmission. We show that this is due to the small λ/Γ ratio, where λ is the SOC values and Γ is the Co electronic coupling to the electrodes. Transport with spin-orbit interactions gives rise to spin-flip processes. At lowest-order in the above ratio we find that the spin-flip component of the transmission is T ↑,↓ (E) ∼ −λ 2 /Γ 2 . Hence, for Co in metals this value is very small, but for heavier impurities will lead to sizeable decreases of electron transmission.
The effect of the Hubbard U in the spin-orbit induced spin-flip transmission is dramatic. This is due to the shifting of critical orbitals to be able to complete a spin-flip process.
Indeed the non-zero matrix elements of the SOC involve ∆S z = ±1 and ∆m = ±1 states, where S z and m correspond to the spin and orbital-angular moment. When the values of U ef f are ramped from zero to 3 eV, the ∆m = ±1 states effectively split, reducing in two orders of magnitude the spin-flip component of the electron transmission, T ↑,↓ .
The Kondo effect is strongly affected by the values of the Hubbard U although the qualitative picture gleaned in previous works [15] [16] [17] [18] remains unchanged. Moreover, we find that the Co SOC leads to small magnetic anisotropy energies, well below the typical Kondo temperatures, bearing no effect on Kondo processes for any of the conductance regimes analyzed here.
